Vampirovibrio chlorellavorus is an obligate, predatory bacterial pathogen of the genus Chlorella. It is recognized as an important pathogen of Chlorella sorokiniana, field isolate DOE 1412, a highly-favored microalga for cultivation in outdoor reactors in the arid USA Southwest for feedstocks used in biofuel production. To determine the V. chlorellavorus titer, based on gene copy number, required to cause infection and mortality of C. sorokiniana in an experimental outdoor reactor, a multiplexed quantitative polymerase chain reaction (qPCR) assay was developed for pathogen detection, based on the 16S and 18S ribosomal RNA gene of V. chlorellavorus and C. sorokiniana, respectively. The assay was further used to establish the optimal effective concentration of benzalkonium chloride required to achieve a below Bdisease-threshold^-bacterial titer, while minimizing biocidal effects on algal growth and enable economic biomass production. Reactors treated with 2.0 ppm benzalkonium chloride at four-day intervals throughout the cultivation cycle experienced runs of 22 days or longer, compared to 12 days for the untreated control. The qPCR assay was used to estimate disease severity over time using the Area Under the Disease Progress Stairs (AUDPS) metric, indicating a severity rating of 0.016 and 62.308 in biocide-treated and untreated cultures, respectively. The near-real time assay detected as few as 13 copies of V. chlorellavorus, allowing for the recognition of its presence in the reactor just before algal cell density decreased, an indication of pathogen attack, while also informing the timing of biocide applications to minimize DOE 1412 infection such that harvestable biomass could be produced.
Introduction
The green microalgae are a polyphyletic group comprised of diverse single-celled eukaryotic organisms that are capable of photosynthesis resulting in the production of oxygen and carbon fixation, despite lacking the structural complexity of the higher land plant taxa (Metting 1996) . The cultivation of microalgae as alternate means of producing liquid biofuels has garnered recent interest worldwide. This is due to the propensity of microalgae to multiply rapidly and accumulate as much as 80% biomass as lipids, and because it is possible to cultivate them on marginal lands otherwise prohibitive to the cultivation of traditional bioethanol crops (Hu et al. 2008 ). Open-reactor systems are economical platforms for cultivating microalgae (Jorquera et al. 2010) . The outdoor cultivation of microalgae presents a number of challenges, including susceptibility to attack by bacterial and viral pathogens and predators. The field isolate of Chlorella sorokiniana (Shihira and Krauss 1965) [Chlorophyta] , designated DOE 1412 (Lammers et al. 2017 ) is considered one of the most promising biofuel production strains, based on a potential maximum growth rate of 5.9 day −1 at 36°C, as determined under a range of simulated temperatures (13-45°C) analogous to those experienced in arid-land microalgal cultivation locales such as the southwestern USA and other arid climates (Huesemann et al. 2016 ). The Regional Algal Feedstock Testbed (RAFT) project was established as a collaborative research project between a team consisting of federal and state university laboratories, with the goal of optimizing outdoor pilot-scale microalgal biomass production for biofuel feedstocks, primarily in locales with arid climates and/or high summer-spring temperatures in the southwestern USA. Algal suspension cultures growing in outdoor Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10811-018-1659-z) contains supplementary material, which is available to authorized users.
project reactors maintained throughout the project were monitored for both algae and the phycosphere bacterial community using polymerase chain reaction (PCR) amplification (Saiki et al. 1988 ) and sequencing of a cloned 1475 bp fragment of the ribosomal RNA small subunit (rRNA SSU) gene to identify microbes influencing biomass production. During April 2014, a BLASTn analysis against rRNA sequences available in the GenBank database indicated the presence of Vampirovibrio chlorellavorus (Gromov and Mamkaeva 1972, 1980) (Park et al. in press ), a predatory bacterial pathogen of Chlorella species (Gromov and Mamkaeva 1972; Coder and Goff 1986) . This initial detection corresponded with observations of cellclumping and sudden discoloration of C. sorokiniana cells, followed by rapid death and complete loss of the cultivation run. These symptoms were consistent with V. chlorellavorus effects on Chlorella vulgaris as reported by the first studies on the pathogen, which also found that the bacterium is dimorphic, shifting between vibrioid and coccoid forms of 0.3-0.6 μm in diameter, respectively (Gromov and Mamkaeva 1972) . Further, it shifts from a motile free-living stage to a larger attached form during the infection cycle (Coder and Goff 1986) . A recent phylogenetic analysis has classified V. chlorellavorus in the Cyanobacteria-Melainabacteria group, Phylum Cyanobacteria (https://www.uniprot.org/taxonomy/1117) based on an analysis of 109 single copy gene sequences, with the genera Ca. Caenarcanum, and Ca. Obscuribacter being the closest extant relatives.
An in silico annotation of the first complete genome sequences for the type isolate of V. chlorellavorus identified genes belonging to a type IV secretion system (T4SS), with predicted involvement in attachment of bacterial cells to the cell wall of the Chlorella host (Soo et al. 2015) , and is known to translocate host-specific effectors and virulence factors and nutrients across the cell envelope in a large number of bacterial pathogens (Wallden et al. 2010; Voth et al. 2012) . These findings are consistent with reported dissolution of cellular contents in V. chlorellavorus-infected algal host cells (Coder and Starr 1978) .
To date, no effective management strategies have been developed to abate the damaging effects of V. chlorellavorus on cultivated algae. The pathogen is capable of causing nearly 100% mortality to Chlorella spp. within 24-48 h after pathogen presence if forewarned, indicated by a sharp decline in 750 nm optical density (O.D.). However, in a recent study, the duration of the cultivation run was increased substantially by the addition of acid to rapidly decrease the pH in the reactor from pH 7.5 to 3.5 for 15 min, with restoration to the normal pH of 7.5 (Ganuza et al. 2016) . Such a regime is not practical or environmentally sound for the treatment of large outdoor reactors.
In this study, the quaternary ammonium complex, benzalkonium chloride (BAC), was investigated as a possible treatment for substantially delaying infection of V. chlorellavorus-susceptible Chlorella spp. in outdoor reactors. BAC is a general biocide with known efficacy against a wide range of eubacterial species (Jean et al. 1999; Houari and Di Martino 2007) . The antimicrobial mode of action of BAC relies on the amphiphilic character of the molecule that promotes ingression into and disruption of unprotected phospholipid cell membranes (Paulson 2002) .
Light microscopic identification of individual bacteria living in mixed communities in outdoor algal production facilities is not straightforward, due to the complexity of most communities and to their small size and variable cell morphologies. In addition, V. chlorellavorus is an obligate pathogen, and so it cannot be established or maintained in pure culture (Coder and Starr 1978; Stewart 2012; Soo et al. 2015) . Previous studies have addressed these challenges by the detection of bacteria using fluorescence in situ hybridization (FISH) (Malic et al. 2009 ) and by end-point polymerase chain reaction (PCR) (Matsuki et al. 1999) . However, bacterial titer determination requires a quantitative test that can measure gene copy number, such as real-time, quantitative PCR (qPCR) (Rinttila et al. 2004 ). In addition, qPCR analysis provides greater specificity and higher sensitivity than conventional PCR detection, enabling detection of target DNA over a range of the concentrations of bacterial cell numbers expected to be encountered throughout an infection cycle.
In this study, an absolute-quantitative PCR assay was developed to facilitate the early detection and to estimate the relative titer, e.g., number of V. chlorellavorus cells. The multiplex qPCR assay was designed to target the 16S and 18S ribosomal RNA small subunit (SSU) gene of V. chlorellavorus and C. sorokiniana, respectively, and following the establishment of a standard curve, it was used for monitoring V. chlorellavorus in laboratory algal stock cultures and algal-V. chlorellavorus cocultures, and various experimental samples collected from outdoor reactors.
Methods

Algal culture
The Chlorella sorokiniana strain DOE 1412, also referred to as NAABB 2412 (Lammers et al. 2017) , was isolated from surface water at a collection site in Texas, USA [provided by Dr. J. Polle, Brooklyn College] (Huesemann et al. 2013) . The culture was thereafter maintained in the laboratory on BG-11 medium containing 17.6 mM NaNO 3 , 0.22 mM K 2 HPO 4 , 0.03 mM MgSO 4 ·7H 2 O, 0.2 mM CaCl 2 ·2H 2 O, 0.03 mM citric acid·H 2 O, 0.02 mM of ammonium ferric citrate, 0.002 mM of Na 2 EDTA·2H 2 O, and 0.18 mM Na 2 CO 3 , with the addition of trace metals (Rippka and Herdman 1993) . Cultures were maintained by periodic serial transfer on solid BG-11 medium containing 30 g L −1 of agar. For cultivation, laboratory and outdoor reactor cultures were grown in a modified media designed to obtain high yields while minimizing nutrient inputs, referred to as Pecos medium (PE07) (Lammers et al. 2017 (Crowe et al. 2012) and one 5600 L Aquaculture Raceway Integrated Design (ARID) raceway reactor ).
Scanning electron microscopy
Scanning electron microscopy (SEM) to visualize algal and V. chlorellavorus cells from a laboratory co-culture was carried out at the Spectroscopy & Imaging Facilities (USIF) at the University of Arizona. Clean glass slides were prepared by coating with poly-L-lysine to promote cell adherence prior to being spotted with 200 μL live algal cell culture. An equal volume of fixative (4% paraformaldehyde:2% glutaraldehyde (v/v) in 0.2 M sodium phosphate buffer, pH 7.4, was added to each sample, followed by rinsing 3× in glass deionized water and dehydrated using a standard, ascending ethanol dehydration series of 50-95% at 10-min intervals, and a final treatment with 100% ethanol (3×), for 15 min each, according to the protocol available at https://electron-microscopy.hms. harvard.edu/methods. The specimens were mounted, sputtercoated (Hummer 6 Sputtering Device), and imaged using a Hitachi S-4800 Type II/Thermo NORAN NSS EDS FieldEmission scanning electron microscope.
Total genomic DNA isolation
Total genomic DNA was isolated from algae culture samples using a cetyltrimethylammonium bromide (CTAB) method modified from previous studies (Doyle and Doyle 1990) . Samples were collected in 50 mL tubes from turbulent sections of outdoor reactors and biomass was sedimented by centrifugation at 4500 ×g for 5 min. The supernatant was discarded, and 20 mg of 1.4 mm stainless steel beads were added to the pellet, together with 1 mL CTAB buffer containing 20 μL β-mercaptoethanol. The algal cells were disrupted using a Mini-Beadbeater-96 (Bio spec. Products Inc., USA). The supernatant was transferred to a sterile microfuge tube, and an equal volume of chloroform:isoamyl alcohol (24:1) was added and mixed by inverting tubes ten times. The emulsion was broken by centrifugation at 7500 ×g for 10 min, and the supernatant was transferred to a microfuge tube and the DNA was precipitated by the addition of 2/3 vol of cold isopropanol. After overnight (at least 16 h) incubation at − 20°C, DNA was pelleted by centrifugation at 7500 ×g for 10 min. The pellet was washed with 70% ethanol, air-dried, and dissolved in 20 μL Tris-HCl buffer (TE), pH 7.2. Free living V. chlorellavorus cells in culture medium were separated from those associated with the algal cell biomass by the fractionation of liquid samples. Algal cells and the associated microbes were collected by centrifugation from a 1 mL sample volume at 7000 ×g for 5 min, and the supernatant was transferred to a sterile 1.7-mL microfuge tube. Genomic DNA was isolated from the pelleted biomass as described above. The supernatant was concentrated by vacuum filtration through a sterile 0.2 μm Whatman polycarbonate membrane (GE Healthcare, UK). The filter was transferred into a sterile tube and incubated in warm (60°C) CTAB buffer for 5 min before 15 min incubation in a 65°C heating block to lyse bacterial cells. The total DNA was isolated using the CTAB method as described.
Ribosomal DNA small sub unit sequencing Genomic DNA was isolated from algal biomass samples collected from laboratory DOE 1412 monoculture and open growth reactors at the University of Arizona field site by the method described above and utilized as template for PCR amplification of the algal and bacterial 18S and 16S rRNA genes, respectively. The rRNA gene fragments were amplified using the universal 16S rRNA gene primers F16SW/R16SW, described by Weisburg et al. (1991) , or the 18S rRNA gene primers, F18S/ R18S (Park et al., unpublished) (Table 1 ). Standard molecular biology protocols for the recombinant DNA procedures were carried out according to Green and Sambrook (2012) . The 16S (~1.5 kb) and 18S (~1.25 kb) PCR fragments were ligated into pGEM-T Easy plasmid vector (Promega Inc., USA) and transformed into Escherichia coli DH5α competent cells. Transformed bacterial colonies were selected by blue white screening on agar plates containing X-gal and ampicillin and used as template for PCR of the inserted DNA fragments. The cloned amplicons were subjected to bi-directional DNA sequencing at the University of Arizona Genetics Core (http:// uagc.arl.arizona.edu/) and sequenced on a 3730 DNA Analyzer (Applied Biosystems, USA). Sequences were subjected to the Basic Local Alignment Search Tool (BLAST+) using the NCBI GenBank nr database to assign provisional identification based on similarity score (Camacho et al. 2009; Benson et al. 2013) . A single representative 16S or 18S rRNA gene sequence was submitted to the NCBI GenBank database and assigned the accession no. KM068038 for C. sorokiniana strain DOE 1412, and KP710184 for V. chlorellavorus.
Quantitative PCR assay design and analysis
The 16S or 18S rRNA gene sequences were used as templates for the design of the primers and hydrolysis probe sets for each target organism. The primers were designed using the PrimerQuest Tool available at the Integrated DNATechnologies, USA website, https://www.idtdna.com/PrimerQuest/. Primer selection was based on the guidelines provided with respect to amplicon size, GC content, and secondary structure (Taylor et al. 2010) . Secondary structure and other primer parameters were checked by use of the Primer3 algorithm (Rozen and Skaletsky 2000) . The specificity of V. chlorellavorus 16S primers/probe was assessed by both the Ribosomal Database Project (RDP) Probe Match tool (Cole et al. 2005 ) and the SILVA TestPrime 1.0 tool (Klindworth et al. 2013 ). An alignment of closely related green algae species was used to determine the specificity of the C. sorokiniana primers and probe.
The qPCR analysis was performed using a StepOnePlus Real Time PCR system (Applied Biosystems, USA) where reactions were arranged in 96 well plates. Detection of the bacterial 16S rRNA gene and algal 18S rRNA gene were multiplexed into single 25-μL reactions containing 12.5 μL TaqMan Universal PCR Master Mix, 1.25 μL of each qVV_F/ R and D18S_F/R primer pair (10 μM), 0.625 μL of qVV_P and D18S_P probes, and 7.75 μL of nuclease-free water. The cycling parameters were executed as follows: 50°C for 2 min, 95°C for 10 min, 40 cycles at 95°C for 10 s, and a final step of 58.8°C for 60 s. The reactions were carried out in triplicate. The limit of detection (LOD), blank (LOB), and quantification (LOQ) were calculated using the equations, LOD ¼ e 38−B SC M SC , LOB = mean blank − (1.645 × SD blank ) and LOQ = mean LOB + (3 × SD LOB ), where B SC and M SC indicate the intercept and slope of the standard curve, and SD is the standard deviation (Armbruster and Pry 2008) .
Standard curve
The plasmid vectors (pGEM T-Easy) (Promega, USA) harboring the expected size fragment of 1475 bp and 1238 bp for the 16S and 18S rRNA gene, respectively, were used in conventional PCR to amplify the qPCR target fragments, followed by molecular cloning and DNA sequencing to verify amplicon fidelity. The primer pairs, qVV_F/qVV_R and D18S_F/ D18S_R, were used to amplify a fragment of the expected size for V. chlorellavorus (113 bp) and DOE 1412 (119 bp) template DNA, respectively. The amplicons were ligated into pGEM-T Easy plasmid vector and used to transform E. coli DH5α cells. The bacterial cells were incubated overnight (16 h) in LB medium and plasmid was purified from cultures using GeneJET plasmid miniprep Kits (Thermo Scientific, USA). Because previous studies indicate the over estimation of copy number with circular plasmid standards (Hou et al. 2010) , each plasmid was linearized by enzyme digestion with PstI (New England Biolabs, USA) before quantification by spectrophotometer (NanoDrop 2000, ThermoScientific, USA). The plasmid copy number (NCP; copies μL ) and N represents the number of bases for the recombinant plasmid. Tenfold dilutions of the plasmid vector containing the target rRNA gene fragment in deionized water were used as template to establish the standard curve.
C. sorokiniana SSU rRNA gene copy number determination
Samples of the algal suspension cells were collected from a monoculture of DOE 1412 in exponential growth phase. Deionized water was used to make a series of six fivefold dilutions of the sample. The density of each dilution sample was measured by absorbance at 750 nm and by cell counts, using bright-field (BR) and/or fluorescent (FL) illumination available in the Cellometer Vision (Nexcelom Biosciences, USA) automated imaging system. Samples were measured in triplicate for each dilution of the algal suspension cells. Total DNA was isolated using the CTAB method of Doyle and Doyle (1990) . The number of 18S rRNA gene copies per cell was estimated by plotting the copy number as a function of BR/FL cell count. , in PE07 medium. Collected biomass was maximized by harvesting 75% of culture volume during exponential algal growth (OD750 ≥ 1.5), followed immediately by replenishment of water and 1× equivalent media nutrients. Cultures were scored as dying upon observed decrease in algal cell density over two consecutive days. One PW unit was treated with a dose of 2.0 ppm benzalkonium chloride every fourth day during growth with the other left as an untreated control. Drop samples were processed from each reactor every 2 days for qPCR assessment of V. chlorellavorus. Biomass productivity was determined based on the ash free dry weight (AFDW) used to calculate the areal productivity by subtracting biomass ) from that of the previous time point, multiplied by the reactor volume, and divided by the surface area and the number of days from the last AFDW measurement, expressed as g m 
Benzalkonium chloride biocide treatment
Results
Scanning electron microscopy
The presence of V. chlorellavorus in DOE 1412 culture was observed by scanning electron microscopy to complement molecular identification. The micrographs generated from outdoor C. sorokiniana monoculture samples indicated the presence of bacterial cells with diameters between~0.8 and 1.2 μm in close association with algal cells (Fig. 1) . The higher magnification image revealed an intricate ultrastructure consisting of fine hair-like protrusions covering the bacterial cells. Also, both intact and lysed algal cells were present.
Primer-probe specificity
The gene encoding 16s rRNA has proven to be effective for culture-independent identification of prokaryotes in part because of its high degree of conservation across all known species (Amann et al. 1995) . This feature also makes careful selection of the primer and probe annealing sites in more variable regions of the sequence crucial for specificity (Marchesi et al. 1998) . The design of the qVV_F/R primers and qVV_P probe was evaluated for specificity against the SILVA NR 16S rRNA gene database by searching for accessions that matched all three oligonucleotide sequences ( Table 2 ). The nonredundant database consists of 576,050 unique 16S rRNA gene sequences, of which qVV_F/R and qVV_P, matched 184 and 135 accessions, respectively. Among the accessions that matched both the primers and probe, 19 were classified in the Vampirovibrionales, the order that contains V. chlorellavorus (Soo et al. 2014) . Within the SILVA NR database, one accession each within the phyla Firmicutes (uncultured Clostridiaceae bacterium; AB089024) and Proteobacteria (uncultured Desulfovibrio bacterium; AY214186) matched the primers and the probe sequences, indicating that~0.0003% of predicted off-target sequences might be detected by the qPCR assay (Table 2) . A second set of primers and probe that targeted the algal host 18S rRNA gene was used in the multiplex reactions for normalization of bacterial 16S rRNA gene copies in relation to the amount of host DNA in a sample (Duffy et al. 2013) . The D18S_F/R and D18S_P sequences are homologous to the C. sorokiniana 18S rRNA gene, as well as several other chlorophytic green microalgae species (Fig. 2) . Previous analysis of 18S rRNA gene sequences in the ARID outdoor PW and ARID reactors (2014) (2015) (2016) , and of algal composition in soil samples taken from a nearby riverbed (2014) (2015) (considered a possible source of competitor algae and/or of algal pathogenic bacteria), showed that samples contained an abundance of algae and other eukaryotic organisms (Park et al. in press ). The 18S rRNA gene sequence determined for the non-C. sorokiniana eukaryotic organisms in the reactor phycosphere and the C. sorokiniana 18S rRNA gene sequences were analyzed using a multiple sequence alignment, with a gap open cost of 10.0 and a gap extension cost of 1.0 as implemented in CLC sequence viewer 7.7, to determine sequence conservation at the D18S_F/R and D18S_P annealing sites (Fig. 2) .
Standard curve
The standard curves for the 16S and 18s rRNA gene qPCR targets were drawn by calculating the linear relationship between their respective C q values and the denary logarithms of plasmid copy numbers (Fig. 3) . The two curves were determined using a tenfold dilution series consisting of the plasmid containing the cloned insert ranging from 10 4 to 10 11 copies per microliter used as template. Linear regression of the data yielded the following equations for V. chlorellavorus 16S and C. sorokiniana 18S rRNA gene assays respectively; y = − 4.1x + 50, r 2 = 0.997 and y = − 3.9x + 57, r 2 = 0.992. The sensitivity of each assay was determined by calculating the LOD, LOB, and LOQ, compared to nuclease-free water blanks (n = 40), indicating that the bacterial and algal rRNA gene could be detected at greater than 19 and 131 copies, respectively, with 95% confidence (Table 3) .
Copy number of the 18S rRNA gene
Picoeukaryotic organisms encode different numbers of 18S SSU rRNA genes, defined as Bcopy number^, ranging from (Zhu et al. 2005) . The relationship between the 18S rRNA gene copy number and DOE 1412 cell counts was determined for algal cultures at densities between 10 4 and 10 8 cells mL −1 (Fig. 4) . Over 300 gene copies per genome were inferred based on the slope of the linear regression equation. When applied to the qPCR assay results, this information allowed the V. chlorellavorus 16S rRNA gene copy number to be related to algal cell ]number, defining the V. chlorellavorus Disease Ratio (VDR) for each time period measured using the equation:
18S rDNA copy# Â 313. An analysis of the DOE 1412 algal cultures growing in the outdoor reactor, indicated a copy number for C. sorokiniana of 303 copies per cell (Fig. 5) .
Biocide treatment effects on outdoor DOE 1412 biomass production
The Bseverity^of V. chlorellavorus infection was reduced in BAC-treated outdoor paddlewheel (PW) reactors compared to the untreated PW reactors, based on measurements of VDR at regular time intervals during the growth cycle. Water samples were collected from BAC-treated and -untreated PW reactors at intervals of 2 days for runs ranging in duration from 10 to 26 days, and for three independent growth cycles. Each reactor was inoculated with cultures using standard procedures, and one reactor was treated with 2.0 ppm BAC, while the other was untreated, referred to hereafter, as the non-treated (NT) control. The results from these experiments indicated that the pathogen could be detected and quantified over the course of the cultivation cycle, and that based on qPCR results, the BAC-treated algal cultures harbored lower levels of the V. chlorellavorus pathogen, compared to the NT controls (Fig. 6) . The algal cultivation runs in the BAC treated reactors showed increased average longevity, at 22 days, compared to the NT control reactors, for which the duration of the culture was only 12 days. This extension of the growth cycle resulted in higher biomass productivity in the treated over untreated reactors, at 55.5 to 61.2%, despite the decrease in average biomass accumulation rate that resulted from the BAC biocide treatment, during the exponential growth phase for test runs: 18, 23, 25, and 27, at 14.2, 32.8, 6 .08, and 12.1%, respectively (Table 4) . Fig. 5 The number of copies of 18S rRNA gene for a monoculture of Chlorella sorokiniana cells grown in outdoor reactors, calculated using the standard curve equation (Fig. 3A) and number of counted cells in a tenfold dilution series of algae monoculture. The linear regression line is displayed. The corresponding equation and the r 2 goodness of fit are indicated. The error bars represent ± standard deviation of biological replicates n = 3 To quantify Bdisease severity^resulting from pathogen attack of C. sorokiniana DOE 1412 during successive cultivation cycles, the total VDR was estimated for each experimental culture using a calculation that determines the relative Area Under Disease Progress Stairs (rAUDPS) (Simko and Piepho 2012) . This approach has been used to estimate severity for diseases that yield irregular disease curves and lack wellfitting models, to normalize each round of a disease scenario by dividing by duration of the growth of the host, in relation to the time of the onset of initial infection (Fry 1978) . These calculations revealed very large inter-run differences in disease severity, indicating that the NT cultures experienced between one to as great as seven orders of magnitude disease severity than the paired BAC treated counterparts (Table 5 ). The average rAUDPS for the NT reactors (n = 4) was 62.308, a value that was greater than that for BAC-treated reactors (n = 4), for which the average was 0.016, irrespective of the somewhat variable environmental conditions experienced throughout the summer and fall months that are most optimal for DOE 1412 cultivation at the ARID site.
Discussion
The development of a qPCR assay for monitoring the presence and accumulation of V. chlorellavorus cells in C. sorokiniana microalgae culture provided an essential molecular diagnostic tool to inform the timing of mitigation activities and reduce the deleterious effects of the pathogen on algal cultivation in the ARID-outdoor reactors. The qPCR assay was shown to be sensitive, allowing for the detection of 13 copies of V. chlorellavorus per milliliter of sampled water, and results could be made available within 6 h from the time of sampling. This rapid turn-around time allowed for decision-making to either treat the pathogen-affected reactor(s), or harvest the algal biomass sooner than planned so that at least some of the biomass could be salvaged (McBride et al. 2014) .
The 18S rRNA gene copy per C. sorokiniana DOE 1412 cell (size 5-7 μm) estimated herein is in agreement with previously determined values for Chlamydomonas concordia cell (~7 μm), which is estimated to encode 300-400 18S rRNA gene copies, and shows a good fit based on the positive linear correlation between cell size and 18S copy number (Zhu et al. 2005) . Also, the estimated copy number of 16S rRNA gene encoded by an individual C. sorokiniana cell, at 313, and one bacterial cell, per copy of 16S rRNA gene, was consistent for laboratory and field samples, indicating that the V. chlorellavorus Disease Ratio (VDR) calculation provided a useful estimate of the relative pathogen load, regardless of the origin of the sample source.
Plant epidemiological studies have stressed the importance of using Bquantitative, accurate, and unbiased methods^that enhance predictive power over that available from less stringent approaches (Lindow 1983) . The use of the 18S rRNA gene as the target for the detection and quantification of C. sorokiniana for qPCR amplification provided reproducible results, reduced the requirement for extracting DNA isolation efficiency between samples. Establishing a useful metric for quantifying disease severity requires measurement of disease progress as a proportion of host tissues affected in the Bdiseased state^. Here, this was estimated with an apparently high degree of accuracy because it was possible to incorporate the detection of a molecular marker for both the host and pathogen in the same qPCR reaction. While this approach enabled disease severity ratings to be monitored at individual, regular time points, the AUDPS calculations permitted the integration of severity ratings over the entire growth cycle. It further allowed for the direct comparison of severity of disease, e.g., relative magnitude of the effects of infection, for BAC-treated and -untreated reactors, with the untreated algae cultures showing 3894-fold greater average rAUDPS, calculated by dividing the average NT measures of 62.308 by the BAC average of 0.016. The estimation of disease severity and disease progression using the AUDPS approach could readily be integrated as a viable tool for algal crop management, particularly when comparing management strategies, and for extrapolating the results to predicting the likelihood of outbreaks under different environmental conditions, based on the optimal growth conditions determined for different algal species and environmental constraints. The reduction of disease severity in BAC-treated cultures contributed to the prolonged algal growth in the ARID reactors. This outcome is similar to that achieved by the low-pH treatment reported previously (Ganuza et al. 2016) ; however, the use of BAC avoids exposure to strong acid, and for outdoor reactors is potentially less harmful to the environment. Because BAC is a general biocide, there is a tradeoff between its efficacy to abate pathogen attack by reducing the rate at which V. chlorellavorus accumulated in the reactors, and the negative effect of the biocide on algal growth. Balancing these two aspects is critical for producing an economical algal crop (Amer et al. 2011) . The growth rate of treated C. sorokiniana in the field reactors, as measured by optical density, was reduced by an average of~16.3% relative to the untreated cultures. While this reduction may have been due to the direct biocidal effects of BAC on algal growth, it may have also caused harmful effects to the microbial community in the phycosphere, through premature death or direct mortality, perhaps also slowing the growth of mutualistic bacteria.
The results presented here for three independent C. sorokiniana ARID growth cycles provide insights into certain factors that may determine certain dynamics of algal host-V. chlorellavorus pathogen interactions. For example, rainfall has been shown to be a factor in the loss of productivity and rapidly declining cell numbers, followed by mortality of ARIDcultivated C. sorokiniana. Here, the highest recorded accumulation of V. chlorellavorus biomass in the outdoor reactors (2.56 × 10 6 VDR) was found to be directly preceded by rainfall that in one storm, contributed 42.7 L of water to the open reactors during the cultivation period (Fig. 6A) . This is thought to have resulted in inoculation of the algal reactors with aerosols containing V. chlorellavorus cells, which are small enough to be carried into the atmosphere, as is known to occur in the dispersal of other bacteria (Burrows et al. 2009 ). Second, the host density in relation to host-finding by the pathogen that leads to algal attack appears possibly to be an important requisite to the occurrence of an outbreak. A similar scenario has been observed for predatory Bdellovibrio spp., which share many characteristics with V. chlorellavorus (Varon and Shil 1968) . The pathogen was not detected in the reactors until the algal host suspension culture reached a density of 1.0 (OD 750). The relationship between pathogen presence and the onset of an outbreak cannot be established based on the current limitations in knowledge about the temporal dynamics of host-pathogen interactions, and the mechanisms involved in host-finding and subsequent attack, e.g., pathogenicity, which could result in an outbreak and death of the algal host. It seems apparent that a latent period is required from the time of pathogen introduction to the point in time when it is detectable by qPCR amplification. In this study, the bacterial pathogen, V. chlorellavorus, was detectable at 7 to 9 days postinoculation of the reactor (Figs. 6 and S1), a timeframe that preceded the visually-detectable change in color from bright to dull green, followed by complete chlorosis, and algal cell death. The use of the qPCR amplification assay to conduct life history and pathogenicity studies under controlled laboratory conditions will aid in better understanding the temporal relationships between gene expression in relation to host-pathogen interactions, and to understand the molecular and cellular mechanisms that underlie the predatory behavior and specificity of the pathogenicity of the V. chlorellavorus to certain Chlorella species, over others. In addition, research will be needed to identify vulnerabilities in the bacterial life cycle based on new knowledge of mechanisms involved in host finding, pathogenesis, and virulence that may be targeted more specifically than is presently possible using general biocides, such as the application of BAC, reported here.
